Design and Performance of Multistage Axial Flux Permanent Magnet Generators by yohanes, eko
 
 
Design and Performance of Multistage Axial Flux Permanent Magnet Generators
1Yusuf Ismail Nakhoda, 1Choirul Soleh, 1Nurudin and 2Eko Yohanes Setyawan
1Department of Electrical Engineering, National Institute of Technology Malang, Indonesia
2Department of Mechanical Engineering, National Institute of Technology Malang, Indonesia
Key words: Permanent magnets, axial flukes, multiple
generators, aluminum, electric power
Corresponding Author:
Eko Yohanes Setyawan
Department of Mechanical Engineering, National
Institute of Technology Malang, Indonesia
Page No.: 2604-2610
Volume: 15, Issue 12, 2020
ISSN: 1816-949x
Journal of Engineering and Applied Sciences
Copy Right: Medwell Publications
Abstract: Population growth and housing needs are
growing rapidly, causing electricity providers to have to
increase electric power capacity. Under these
circumstances, innovation of generators or micro scale
power plants is needed. This research aims to design
Axial Flux Permanent Magnet Generators which have 4
Rotors and 4 Stators. This generator is planned to have a
low rotation of 500 RPM with an planned output voltage
of 49.7 V with a disc-shaped construction, using a bar
magnet and a neodymium-iron-boron NdFeB magnet
attached to the material in the form of a disc. This disc is
made of acrylic and aluminum as a lightweight base that
rotates on its axis to cause a magnetic field to produce
electrical energy. In measuring voltage with a speed of
500 RPM and using 4 generators, the highest voltage on
generator 1 is 21.10 V with a frequency of 51.70 Hz. In
the measurement of no-load multi-stator and multi-rotor
generators,  an  output  voltage  of  48.1  V  is  generated
with a frequency of 51.70 Hz. In measurements on a
multi-stator  and  multi-rotor  generator  with  a  load  of
40 W, a voltage of 45.2 V is generated with a current of
0.06 Amperes. At a load of 80 W a voltage of 43.3 V is
generated with a current of 0.14 Amperes, while a load of
120 W  produces  a  voltage  of  41.5 V with a current of
0.21 Amperes.
INTRODUCTION
Currently, population growth in Indonesia grows
rapidly and accompanied by housing growth, making
electricity providers have to increase the power capacity
of the existing one. This situation led to the innovation of
generators or micro scale generators which are considered
helpful[1]. Generator as the first mover is still very little in
use. Various regions in Indonesia which have many
renewable  energy  sources  in  the  form  of water energy
also do not utilize this potential optimally. In fact, a
micro-hydro power plant is a type of renewable power
plant that is environmentally friendly, easy to operate and
low operating costs. Initial survey results in river in
Manokwari, Indonesia shows that the river has a hydraulic
potential of around 29.5kW. Micro-hydro power plants
have been planned at this location. The power plant will
use a hydraulic potential of 25.2 kW based on a flow rate
of 0.3 m3 s and a head height of 8.6 m[2].
The use of small-scale generators is considered very
helpful  if  it  is well developed as the generators are easy
to maintain  and  control  and the materials are easily
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found[3-5]. Generators that are on the market today are
generators that have high RPM and require initial
electrical energy to create a magnetic field. The harmonic
step-time generator model is applied to electric induction
and mechanical rotor generators for error measurement,
and proposes analytic expressions of simple closed shapes
to illustrate. The prediction was then validated by testing
on a 30 kW induction generator test rig[6].
Generators that are made must be inexpensive and
easy to maintain. The generator that will be developed is
Axial Flux type. Axial flux Permanent Magnet
Synchronous Generators (PMSG) are designed as double
and triple rotor stators, while their electromagnetic and
structural characteristics are analyzed. The design aims at
axial flux generators placed to the single end of the inner
rotor of the engine and permanent magnets placed to the
double ends of the middle rotor. One rotor is more than
the number of stators used here[7, 8], those are generators
with Axial Flux Permanent Magnets 4 Stator 4 Phase 1
Rotors. This design can help in the generation of energy
as it is driven by one axis and issued one phase on each
side of the stator[9, 10].
This designed generator can be implemented in low
flow water turbines and act as a renewable energy which
currently has many variations in the development and
manufacture of various applications[11]. The shape of the
disc makes it easier to manufacture with permanent
magnet variations and the number of turns. The more
magnets  and  the  number  of  coils  the  better  the
voltage[12, 13].
The number of stators and rotors will affect the
results of the generator output created. The more stators
and rotors you have the more output you will get. One
generator has many outputs that can be used in
implementation[14]. This study explains the performance
of generators that have one phase output on both sides
which makes each output can be used to load directly
because it is one phase.
MATERIALS AND METHODS
Methods and engine design
Planning of generator speed: The stator coil (the stator
is an alternator component that has the function to
produce Alternating Current (AC)) is fixed or fixed to the
stator core and is bound to the house so that it does not
rotate (static).
The stator coil consists of 12 coils of insulated wire
wrapped around a slot around the stator core. Each roll
has the same number of turns. The relationship between
the speed of the stator rotational field (rpm) and the
frequency of the generator which is inversely proportional
to the number of poles based on the rotation per minute






ng = The generator speed (rpm)
f = Frequency (Hz)
p = Represents the number of magnetic poles in the
stator
Permanent magnet rotors: This design uses rotor from
aluminum  coated  acrylic  material  with  a  diameter  of
30 cm2; the rotor is designed to produce 12 poles with
neodymium magnets. The design of this axial flux
generator rotor uses neodymium magnets by determining
the quantities using the following equation:







B = B × (T)
L +δ
Where:
Bmax = Represents the flux density (T)
Br = The residual induction (T)
Lm = The magnetic height (m)
δ = The air gap (m)
Extensive magnetic field: Designing the location of
permanent magnets on the generator rotor as follows:
(3)
   2 2 m 2
magn
m
π ro ri τf ro ri N




Amagn = Magnet area (m^
2)
π = phi (3.14 or 22/7)
ri = Represents the inner radius of the magnet (m)
ro = The outer radius of the magnet (m)
τf = The distance between magnets (m)
Nm = The number magnetism
Maximum flux: To find the maximum flux of the
permanent magnet produced, the following equation is
used:
(4)max magn max= A ×B (Wb)
Where:
imax = The maximum flux (Wb)
Amagn = The area of the magnet (m
2)
Bmax = The flux density (T)
Number of stator coils: While the number of stator coils
(Ns) needed for the stator is used the following equation:
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(5)phs
N
N = p× 
2
Where:
Ns = The number of stator coils
Nph = The number of phases’
p = The number of magnetic poles
Number of stator coils: Copper wire is one of the many
types of electrical conductors based on the material. This
type of wire is the first metal used as wire and cable
material. The function of copper wire is often used for
winding materials in electric generators. Determining the
number of turns (N) is one of the most important things in
the design of radial flux generators. The number of turns
is influenced by several parameters such as the area of the
soft iron core to be used. If the area of the iron core is
fixed and the number of turns increases the smaller the
copper wire used and vice versa, the less the coil the
greater the size of the copper wire.
Induction voltage: The voltage from the generator
induction of the generator being generated can be










Erms = The voltage from the generator induction (V)
N = Represents the number of turns
F = The frequency (Hertz)
imax = The maximum flux (Wb)
Ns = The number of stator coils
Nph = The number of phases
Single phase generator power: The power of the
generator being generated can be calculated through the
following equation:
(7)1 L-NS = V ×I(VA)
Where:
S1i = The generator power (VA)
VL-N = The generator voltage (V)
I = Represents the current (Ampere)
Design results: From Eq. 7, we get the result that this
generator is designed to work at a frequency of 50 Hz and
rotates at a speed of 500 Ratio per minute. The output
voltage is designed 49.1 V in no-load conditions. By
using  aluminum-coated acrylic rotor with a diameter of
30 cm2, the rotor is designed to produce 12 poles with
Neodymium magnets and then the rotor is formed, so that,
permanent magnet can be inserted. The number of coils is
10 pieces. This value is obtained from the large number of 
Fig. 1: Front view of 4 stator neodymium permanent
magnet generators which are blue, 4 gray rotors
and brown for spills
Fig. 2: Side view of neodynium 4 stator 4 rotor permanent
magnet generator using white shaft and green
generator housing
magnets in the rotor, so that, the stator circumference
adjusts the rotor circumference. Another consideration is
that the coil can be completely surpassed by magnetic
flux. While the number of stator coils (Ns)) needed for the
stator uses  with the number 2 (Phase and Neutral) and p
uses 12 poles, as shown in Fig. 1-3. The number of stator
coils is Ns used 12 coils using Eq. 8:
(8)phs
N
N = p× 
2
To determine the distance between the magnet and
the circumference of the rotor the design aims to
determine the number of magnets in accordance with its
poles, the distance between the magnet and the radius of
the rotor and its location on the rotor plate 80 cm2 is
presented in Fig. 4, that is the geometry of the permanent
magnetic rotor. With a total of 12 coils with 336 turns
presented  in  Fig. 1 and 3.  This  value is obtained from
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Fig. 3: Geometry of the stator coil
Fig. 4: Geometry of permanent magnetic rotors
circumference of the stator adjusts around the rotor.
Another consideration is that the coil can be completely
surpassed by magnetic flux.
RESULTS AND DISCUSSION
One phase axial flux permanent magnet generator
testing is carried out to determine the planning results. If
done with a good measuring instrument or with a high
degree of accuracy the test results will be more accurate.
No-load testing is carried out for 3 h for capturing data on
current, current and rpm. The test was conducted on
campus 2 of the ITN Malang electro lab building, 1st
floor, Electric Energy Conversion Laboratory. The
experimental results are presented in Table 1.
The measurement results of Generators 1, 2, 3 and 4
without load can be seen from 0-700 Rpm with the
voltage obtained an average of 16.60 V on the stator 1,
15.03 V on  Generators  2,  12.72  V  on the stator 3 and 
Fig. 5: Graph of no-load experiments with a series
connection between. Generators 1, 2, 3 and 4
towards RPM
Table 1: No-load trial
Stator Voltage (V)
------------------------------------------------------------
RPM Generator 1 Generator 2 Generator 3 Generator 4 Frequency
100 3.80 3.50 3.00 3.40 10.30
200 8.00 7.30 5.27 6.60 20.70
300 12.60 11.20 10.20 9.80 31.40
400 16.70 15.03 13.18 13.00 42.10
500 21.10 18.88 16.40 16.20 51.70
600 24.70 22.73 19.12 19.40 61.00
700 29.30 26.58 21.90 22.60 70.90
Average 16.60 15.03 12.72 13.00 41.16
13 V on the stator 4 with a frequency of 41.16 Hz per
RPM. At a speed of 500 RPM the voltage generated at
Generator 1 is 21.10 V with a frequency of 51.70 Hz. The
speed of 500 RPM voltage generated on Generator 2 is
18.88 V with a frequency of 51.70 Hz. Speed of 500 RPM
voltage generated on the generator stator 3 12.72 V with
a frequency of 51.70 Hz. The speed of 500 RPM voltage
generated by generator 4 is 16.20 V with frequency of
51.70 Hz, in the no-load experiment above the average
voltage generated by the four Generators is 14.34 V per
RPM with an average frequency produced by 41.16 Hz
per RPM.
The measurement results of Generators 1, 2, 3 and 4
are presented in Table 2 and Fig. 5. Where the no-load
experiment  with  a  series  relationship can be seen from
0-700  Rpm  with  the  voltage  obtained  an  average of
31.96 V on the Generator 1 and 2, 19,34 V on Generators
2 and 3, 21,30 V on Generators 4 and 1, 40,13 V on
generators 1,2,3 and 4. While at speeds of 500 RPM the
voltage generated on multi rotor generators and multi
stator is 48.1 V with a frequency of 51.70 Hz.
Load testing: In the load test, 3 incandescent lamps with
40 W of each incandescent power capacity are used. At
the time of testing, the data is taken from the multi rotor
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Table 2: No-load trial in series connection
Series stator Voltage (V)
-----------------------------------------------------------------------------------------------------------------------------------------------------
RPM Generator 1-2 Generator 2-3 Generator 3-4 Generator 4-1 Multi rotor and sator generator
100 8.30 4.60 5.60 5.1 13.50
200 16.30 9.30 11.80 10.4 19.80
300 25.50 15.20 18.10 17.1 30.50
400 30.70 21.30 24.10 21 40.20
500 40.60 23.30 29.50 26.5 48.10
600 47.10 28.50 35.20 31.8 57.60
700 55.20 33.20 40.40 37.2 71.20
Average 31.96 19.34 23.53 21.30 40.13
Table 3: Voltage ratio with and without load 40 W
40 W load series connection; Multi-rotor and stator
generator voltage
------------------------------------------------------------------
RPM No load Loaded Drop voltage Current
100 13.5 9.8 3.7 -
200 19.8 18.7 1.1 0.02
300 30.5 27.6 2.9 0.02
400 40.2 36.5 3.7 0.04
500 48.1 45.4 2.7 0.06
600 57.6 54.3 3.3 0.06
700 71.2 63.2 8 0.07
Average 40.1 36.5 3.6 0.00
Fig. 6: Graph of comparison of no-load voltage and load
with 40 W load
The measurement results of the multi rotor generator
and  the  stator  with  a  load  of  40 W can be seen from
0-700 Rpm  with  a comparison of the load voltage and
no-load voltage obtained on average at no load of 40.1 V
and at the time of loading of 36.5 V, so that, it can be seen
an average voltage drop of 3.6 V per RPM (Fig. 6).
Whereas in the speed of 500 RPM the no-load voltage
generated is 48.1 V and has a load of 45.2 V because it
can be seen that the voltage drop generated is 2.7 V. With
Amperes produced at 0.06 Amperes.
The measurement results of the multi rotor generator
and  stator  with  a  load  of  80  W  can  be   seen   from
0-700 Rpm in Table 4 and Fig. 7. With a comparison of
the load voltage and no load, the voltage  obtained  is  an
Table 4: No load and load voltage comparison (80 W)
80 W load series connection; Multi-rotor and stator
generator voltage
------------------------------------------------------------------
RPM No load No load No load No load
100 13.5 9.30 4.20 -
200 19.8 18.10 1.70 0.02
300 30.5 23.10 7.40 0.06
400 40.2 29.50 10.70 0.11
500 48.1 43.30 4.80 0.14
600 57.6 48.10 9.50 0.15
700 71.2 58.90 12.30 0.16
Average 40.1 33.47 6.66 0.11
Fig. 7: Graph of comparison of no-load voltage and load
with 80 W load
average  of  40.1 V  at  no  load  and when burdened by
43.3 V, so that, it can be seen an average drop voltage of
6.66 V Per RPM. Meanwhile, in the speed of 500 RPM
the no-load voltage generated is 48.1 V and has a load of
47.3 V because of that, we can see the voltage drop
produced  by  4.8  V.  With  the  current  generated  is
0.14 Amperes.
Measurement results of multi rotor and stator
generators  with  a  load  of  120  W  can  be  seen  from
0-700 Rpm presented in Table 5 and Fig. 8 with a
comparison of the load voltage and no-load voltage
obtained on average at no load of 40.13 V and when the
load is 30.03 V, we can see an average voltage drop of
10.1 V per RPM. Meanwhile, in the speed of 500 RPM
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Table 5: Comparison of no-load and no-load voltages load (120 W)
120 W load series connection; Multi-rotor and stator
generator voltage
--------------------------------------------------------------------
RPM No load No load No load No load
100 13.50 12.50 1 -
200 19.80 14.80 5 0.090
300 30.50 18.90 11.6 0.120
400 40.20 28.60 11.6 0.180
500 48.10 41.50 6.6 0.210
600 57.60 42.10 15.5 0.210
700 71.20 51.80 19.4 0.240
Average 40.13 30.03 10.1 0.175
Fig. 8: Graph of comparison of no-load voltage and load
with a load of 120 W
Fig. 9: Comparison graph of multi rotor and stator
generator currents
41.5 V because of that, we can see the voltage drop
produced  by  6.66  V  with  the  current  generated  by
0.21 Amperes.
The results of measurement of currents from multi
rotor  and  stator  generators  with  a load of 40, 80 and
120 W from 0-700 Rpm presented in Fig. 9. With the ratio 
of load currents obtained on average at 40 W loads of 0.0
Ampere and at a load of 80 W at 0.1 Ampere and at a load
of  120  W  at 0.2 Ampere. 14 Amperes and at a load of
120 W of 0.21 Amperes.
CONCLUSION
From the research done, it can be seen that the
neodynium 4 stator 4 rotor permanent magnet axial flux
generator as a substitute for generators on the market is
the latest breakthrough as an initial energy generator.
With a generator rotation of 500 Rpm at nominal rotation
and a frequency of 50 Hz in the plan that is made to
produce 49.7 V of pure AC, at voltage measurements with
a speed of 500 RPM get the voltage on generator 1 is
21.10 V, Genertor 2 is 18, 88 V, Generator 3 is 12.72 V 
and Generator 4 is 16.20 V with a Frequency of 51.70 Hz,
while in a no-load measurement the multi-stator and
multi-rotor  generators  produce  an  output  voltage  of
48.1 V with a frequency of 51, 70 Hz and the
measurement  is  loaded  with  a  speed  of  500  RPM
multi-stator and multi-rotor generator with a load of 40 W
produced   a   voltage   of   45.2 V   with   a   current  of
0.06 Amperes, at a load of 80 watts produces a voltage of
43.3 V with a current of 0, 14 Amperes and at a load of
120 W is produced a voltage of 41.5 V with a current of
0.21 Amperes.
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Abstract—   In this paper, a novel permanent magnet generator 
structure is proposed in order to facilitate implementation of the 
permanent magnet generator on small scale renewable energy-
based power generation. Detail characteristic of an double axial 
flux permanent magnet generator is analyzed. The proposed 
generator structure consists of two-sided rotor which equipped 
with slots for placing permanent magnet. The stator side is 
comprising of three groups of coreless winding for realizing three 
phase output. Performances of the axial flux double permanent 
magnet generator are observed involving the output voltage, 
currents and power. Two experimental scenarios have been tested 
to monitor the performance of the generator. In first scenario, 
loading condition which represented by star connection of three 
bulbs of 25 W has been considered. The rotational speed of the 
tested generator in this scenario is 501.9 rpm. It was monitored that 
under those loading circumstance, three phase sinusoidal output 
voltages with frequency under 50 Hz have been monitored. 
Moreover, above 50 Hz operational frequency, the output voltage 
waveform slightly changes from sinusoidal to trapezoidal shapes. 
In second scenarios, the proposed generator is connected to the 
rectifier to form a DC system. The 45 W load has been considered 
in this DC scenario. Under DC system test, 152.2 V output DC 
voltage, 0.1614 A current and 24.976 W power have been 
monitored when the rotational speed of axial flux doble permanent 
magnet generator was 847.9 rpm. 
 
Index Term— Double axial; permanent magnet; renewable energy 
I. INTRODUCTION 
 The axial flux permanent magnet generator was invented 
around 150 years ago [1]. The invented generator structure has 
advantages such as higher power density, better cogging torque 
and simple construction resulting more efficient and cheaper 
manufacturing production [2]. Moreover, axial flux type of 
generator ensures low distortion and purely sinusoidal voltage 
output waveform [3-5]. From flux point of view, geometry 
structure of axial flux generator is the important features to 
increase power density [6]. Effects of core shape, lamination, 
air-gap and core losses on efficiency of Axial Flux Permanent 
Magnet Generator (AFPMG) with FEA have been investigated. 
It was found that the dimension of magnetic core should be 
minimized in order to improve efficiency and generator 
performances [7]. The increase of power output of the generator 
can be achieved by increasing the number of coils. Therefore, in 
order to increase the output power without significantly change 
the generator construction, it is preferable to use double-side 
rotor than single-side rotor configurations [9]. 
Enhancement of generator performance can also be achieved by 
considering various configuration of the core. The core of the 
generator can be either slotted or slot-less which aims to reduce 
cogging torque and mitigate inductance losses respectively [10]. 
Moreover, interaction force between core and permanent magnet 
should be carefully considered to optimally reduce the cogging 
torque [11]. Magnetic force in axial flux generator potentially 
introduces larger mechanical pressure and vibration to the 
machine due to larger air gap in axial flux generator than in 
radial flux generator [9]. The air gap usually can be designed in 
between 1 mm to 4 mm with considering the mechanical process 
of the generator. It is important to be noted that the dimension 
of air gap influences the output of the generator [12]. Therefore, 
optimization of air gap dimension should be conducted in design 
process of axial flux generator [13]. In coreless type of rotor, the 
winding should be put into the non-magnetic material with 
isoelastic characteristic such as epoxy and polyamide. The 
coreless rotor type results in less weight of generator and the 
absence of core loss and cogging torque. On the other hand, the 
drawback of coreless type of generator is the increase of loss due 
to eddy current effect in the field winding under high speed 
operation of the generator [13]. Lower magnetic fluxes which 
influence the efficiency of the generator also become a concern 
in coreless rotor type [14]. The other factor that influence the 
generator characteristic is air gap. As previously mentioned, 
smaller air gaps would increase the output of generator. 
Conversely, higher air gap introduces more losses in generator 
[15]. 
In comparison with radial flux, axial flux permanent magnet 
generator has low cogging torque and higher power density and 
efficiency [16]. Higher power density in axial flux permanent 
magnet generator results in increase of operating temperature of 
the generator. Therefore, in axial flux generator, air gap design 
is important to reduce the operating temperature [17],[19]. In 
order to achieve good generator performance in axial flux 
permanent magnet generator, stator and rotor design should be 
combined properly to reduce the power loss and increase the 
efficiency [7,8]. Two side rotor design can be considered to 
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increase the power output of generator. Since the proposed 
design doubled the generator output power [20]. In this paper, 
characteristic and performance of double side axial flux 
permanent magnet generator are analyzed. The proposed 
generator considers two side rotor design with permanent 
magnet. Moreover, in order to maintain power quality, the 
output of the generator is connected to rectifier to converse AC 
terms output into DC terms output. 
II. EXPERIMENTAL APPARATUS AND METHODS 
Design procedure of double side axial flux permanent 






















(c) the design of double side axial flux permanent magnet 
generator. 
Figure 1. Design and experimental setup of double side axial 
flux permanent magnet generator. 
 Design of double side rotor in proposed axial flux generator 
is depicted in Figure 2. In this research, the dimension of 
generator has length of 45 cm length, width of 33 cm and height 
of 46 cm. The purpose of small size design of the generator is to 
facilitate flexibility, simple installation and portable features of 
the generator. The proposed rotor design incorporates double 
rotor type in the left and right of the stator. The rotors and stator 
are connected with a shaft hence it can rotate in similar speed 
and directions. In each side of the rotor, 12 permanent magnet 
of neodymium type with 50x15x6 mm dimension are installed. 




Figure 2. Design of double side rotor in proposed axial 
flux generator 
The stator side of the proposed permanent magnet 
generator is the copper winding with the number of winding is 
nine. Since the output of the generator is three-phase, the 
windings are divided into three group. Each group is consisting 
of three winding. The conductor used in this design is copper 
conductor with 1 mm diameter. The number if turn in each 
winding is 300 turns. Moreover, the air gap between rotor and 
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stator is determined as 4 mm. The stator design of double side 
axial flux permanent magnet generator is shown in Figure.3. 
 
Figure 3. Stator design of double side axial flux 
permanent magnet generator. 
 
 The proposed design of double side axial flux permanent 
magnet generator has the efficient natural colling mechanism in 
the surface of stator and rotor. The configuration of permanent 
magnet is symmetric and parallel with the position of stator 
winding with pole orientation of N-S-N-S. The pole orientation 
of rotor is complementary each other.   
 
Theorical Background 
 In three phase construction, the winding which is connected 
in series is further divide into three different groups. Each group 
represents one-phase output of the generator. It is compulsory to 
produce three identical output waveforms with similar phase 
angle to ensure a good quality of generator power output. 
Therefore, each group of winding should have identical shape, 
type of winding and number of turns. Total inductance in each 
phase can be stated as follows 
  𝐿𝑝ℎ𝑎𝑠𝑒 =  𝐿1 +  𝐿2 +  𝐿3 + ⋯ + 𝐿𝑛 (1) 
 Where 𝐿𝑝ℎ𝑎𝑠𝑒  represents a total inductance in each phase and  
𝐿1, 𝐿2, 𝐿3, 𝐿𝑛 are inductance values in each winding. n is the 
number of winding connected in series in single phase.  
Involving the terminal output voltage in each phase, load voltage 
and voltage drop along the winding, the voltage relationship in 
each phase can be represented using the following equation 
  𝑉𝑝ℎ𝑎𝑠𝑒 −  𝑉𝑅𝑝ℎ𝑎𝑠𝑒 − 𝑉𝐿𝑝ℎ𝑎𝑠𝑒 = 0   (2) 
 Where 𝑉𝑝ℎ𝑎𝑠𝑒  is phase voltage. While, 𝑉𝑅𝑝ℎ𝑎𝑠𝑒  and  𝑉𝐿𝑝ℎ𝑎𝑠𝑒 
represent load voltage and voltage drop of the winding 
respectively.  
The (2) can be written as a function of currents and impedance 
as follows  






(𝑅𝐴 + 𝑅𝐿𝐴)    (3) 
 Where, 𝑖𝐴 is phase current. 𝐿𝑝𝐴 is the total impedance of each 
phase. 𝑅𝐴and 𝑅𝐿𝐴 represent the load and winding resistance 
respectively. 
Induction voltage in each phase is stated using the following 
equation 
       𝑉𝐿𝑝𝐴(𝑡) =  −3𝑁
𝑑∅(𝑡)
𝑑𝑡
    (4) 
 Where, the coefficient of 3 represents number of group 
winding that are connected in similar phase and N represents 
number of turns in each winding.  
The power output of the generator is stated as follows 
      𝑃𝑜𝑢𝑡 = 3 𝑉(𝑡). 𝑖(𝑡)    (5) 
 Where, 𝑉(𝑡) dan 𝑖(𝑡) represent the instantaneous voltage and 
current respectively. The power factor is assumed as unity power 
factor. 
In balance multi-phase system, the total output power can be 
determined by multiplying the single-phase output with the 
coefficient number which represent the number of phases. 
Hence, the total output power in multi-phase system is stated as 
follows 
     𝑃𝑜𝑢𝑡 = 𝑚 . 𝑉(𝑡) . 𝑖(𝑡)    (6) 
 Where, m represents the number of output phase.  
As previously mentioned, power losses in generator is 
comprising of copper losses in the winding, core loss in 
permanent magnet and mechanical loss [10,17].  As the main 
windings are located in stator, the power losses depend on the 
design of the stator. The total copper loss can be stated using the 
following equation 
      𝑃𝑐𝑢 = 𝑚 . 𝑖(𝑡)
2 . 𝑅𝑝   (7) 
In general, core loss is consisting of hysteresis, eddy current and 
anomalous losses. [21]. The core losse can be presented as 
follows  
     𝑃𝐹𝑒 =  𝑃ℎ +  𝑃𝑒 +  𝑃𝑎    (8) 




1.8 𝑊𝑓𝑒    (9) 





𝑊𝑓𝑒              (10) 





𝑊𝑓𝑒         (11) 
Where 𝑃𝑒, 𝑃𝐹𝑒 , 𝑃ℎ, and 𝑃𝑎 represent eddy current, core, 
hysteresis and anomalous losses respectively. 𝑊𝐹𝑒 is 
representing core mass, 𝐵𝑝𝑘 represents the peak of flux density 
in Tesla. While, 𝑘𝑎, 𝑘𝑒, and 𝑘ℎ represent coefficient constant of 
anomalous loss, eddy loss, and hysteresis loss respectively. 
According to the previous equations, the total efficiency of the 
generator can be stated as  
 
     𝜂 =  
𝑃𝑜𝑢𝑡
𝑃𝑜𝑢𝑡+Δ𝑃
. 100         (12) 
Where Δ𝑃 is the total loss of the generator. 
III. RESULTS AND DISCUSSIONS 
The performances of proposed axial flux double permanent 
magnet generator are presented. The AC side output of the 
generator and the DC side output after rectification process are 
analyzed. First experimental setup considers a loading condition 
with three 25 W resistive loads connected in star configuration. 
The waveforms of the terminal voltage at the output AC side of 
the generator before rectification process are monitored to assess 
the quality performance of the generator. Table 1 represent the 
monitoring results of the AC side generator terminal voltages. It 
was observed that the phase voltages of the generator have 
relatively similar magnitude values. The small difference of 
those magnitude values can be caused by some factors such as 
the shape of coil which is not perfectly identic, non-uniform air 
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gap distance which results in fluctuating effects of inductance 
values between permanent magnet and coil. Moreover, it was 
monitored that terminal voltage of the generator is increasing 
proportionally with the increase of the rotational speed. As the 
speed is increasing, the frequency output of the generator also 
increased. It was monitored that the proposed generator can be 
operated in utility frequency (50 Hz) with 501.9 rpm rotational 
speed. 
Tabel 1. Measurement of the output voltage of each generator 
phase 





204  17,4 16 17 20,5 
305,8  25,9 23,7 25,3 30,5 
417,2  32,7 29,9 32,2 41,4 
501,9  39,7 36,1 38,7 50,1 
612,7  48,7 44,5 47,6 60,9 
718,7  56,1 51,1 54,7 70,5 
807,7  63,3 57,6 61,7 80,5 
894,2  71,7 65,5 70,1 90 
1010,4  81,2 74,1 79,4 100,7 
1141,7  89,1 81,3 87,1 110,7 
 
Figure 4 represents the three phase AC side voltage waveform 
of the axial double flux permanent magnet generator. It was 
monitored that in 240 rpm rotational speed, the waveform of the 
AC side output voltage is purely sinusoidal with the operating 
frequency is 20.5 Hz. Moreover, the voltage magnitude of phase 
R is 17.4 Volt, phase S 16 Volt and phase T is 17 Volt. Figure 5 
represents the three phase AC side voltage waveform of the axial 
double flux permanent magnet generator when it was operated 
in 417.2 rpm rotational speed. Similarly, it was monitored that 
the waveform of the AC side output voltage is purely sinusoidal 
with the operating frequency is 41.4 Hz. Moreover, the voltage 
magnitude of phase R is 32.7 Volt, phase S 29.9 Volt and phase 
T is 32.2 Volt. Figure 6 shows the three phase AC side voltage 
waveform of the axial double flux permanent magnet generator 
under 501.9 rpm rotational speed. In this rotational speed, 
operating frequency of the generator is 50.1 Hz, similar to the 
fundamental frequency of the utilities. Therefore, it can be 
observed that the proposed axial double flux permanent magnet 
generator can be synchronized with grid within this rotational 
speed. The waveform of the AC side output voltage is purely 
sinusoidal. Moreover, the voltage magnitude of phase R is 39.7 
Volt, phase S 26.1 Volt and phase T is 38.7 Volt. As the 
rotational speed is continuously increased to 612.7 rpm, the 
operational frequency becomes 60.1 Hz. The waveform of the 
generator terminal voltages is changing into trapezoidal form as 
presented in Figure 7, with the magnitude of phase voltage is 





Figure 4. Three phase Voltage Output at frequency of 20,5 Hz. 
 
 
Figure 5. Three phase Voltage Output at frequency of 41.4 Hz. 
 
 
Figure 6. Three phase Voltage Output at frequency of 50.1 Hz. 
 
Figure 7. Three phase Voltage Output at frequency of 60.9 Hz. 
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Figure 8. Correlation between rotational speed and DC voltage. 
 
As depicted in figure 4-7, it was clearly observed that there 
are some concerns regarding the terminal output voltage of the 
generator. The phase angle among phase voltage are not equal. 
In ideal condition, the phase voltage should be separated by 120o 
each other. However, the obtained results indicated unbalanced 
condition of phase shift among those three phase voltages. The 
unbalanced in the phase voltages disturbs the current waveform 
significantly and deteriorating the power quality. Moreover, as 
rotational speed is increased, more deviation and distortion of 
voltage waveform are monitored, indicated by change of voltage 
waveform from purely sinusoidal to trapezoidal shapes. The 
distorted voltage and current waveform increased the harmonic 
content in the system. High harmonic content would result in the 
increase of losses and heating problems. With those concerns, it 
is not allowable to directly connect the AC side terminal voltage 
of the proposed axial flux permanent magnet generator to the 
load. To solve the problem, it is required to improve the power 
quality and reduce the distortion of AC side terminal voltages. 
Among several options such as connecting additional low pass 
filter at AC side of the generator and drastically change the 
construction of the generator, it is preferable to convert the 
distorted AC form into free-distortion DC form voltage and 
current. Therefore, in this paper, the AC side terminal generator 
is connected to full bridge rectifier to obtain the DC voltage and 
current.  
To analyze the performance of the proposed generator and 
coupling full bridge rectifier, two experimental setups are 
considered. The first experimental setup considers a loading 
condition with a bulb of 45 W is considered. Figure 8 depicts the 
correlation between rotational speed and DC voltage. From the 
graph, it was observed that the DC voltage is increasing 
proportionally with the increase of rotational speed. Higher 
rotational speed results in higher DC voltage. Consequently, as 
the DC voltage is increasing with the increase of rotational 
speed, the power output the current also proportionally 
increasing as depicted in Figure 9. The second study case is 
analyzing the generator performance under load variation 
scenario. The connected load is increasing gradually from 15 W 
to 45 W with the constant rotational speed of 840 rpm. The 
output power is continuously increasing with the increase of 
connected load.  At loading condition of 15 W, the output power 
is 8.514 W, at 25 W loading condition the measured output 
power is 13.520. Under 30 W and 40 W loading circumstances, 
the output power of the generator are 16.314 W and 22.948 W 
respectively. Finally, at 45 W of load, the measured output 
power is 45 W. The correlation between output power as the 
function of load is depicted in Figure 10. 
 
 




Figure 10. Correlation between output power and rotational 
speed. 
IV. CONCLUSIONS  
 Design and experimental assessment of axial double flux 
permanent magnet generator is presented in this paper. The 
experimental results suggest that the AC side terminal voltage 
of the proposed generator has the unbalance phase shift and high 
distortion when it was operated in higher rotational speed. To 
overcome the problem, the proposed generator is connected with 
a full bride rectifier to generate DC form voltage and output 
power. From the experimental results, it was clearly monitored 
that the voltage of the generator can be increased by increasing 
the rotational speed. Therefore, the voltage can be controlled and 
regulated by adjusting the rotational speed of the generator. 
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Abstract 
Along with the dire need for generators for small-scale hydropower applications in remote 
areas, simple generators that are easy to make but has great performance capabilities are 
required. The use of this generator can be applied directly at low rotation according to the 
existing river characteristics, while the result can be used for street lighting in remote areas. 
In its use, this double flux 3 phase axial flux permanent magnet generator was designed to 
have a torque and efficient natural cooling mechanism on the surface of the rotor and stator. 
This paper presented a prototype design of a generator with a permanent magnet 2-sided 
rotor. The output of this generator was a 3-phase alternating current (AC) which will then 
enter a 3-phase rectifier to convert the electric current to pure DC (direct current). It can be 
reported from the test results that this generator had satisfactory performance in accordance 
with the construction design made. 
Keywords: Alternative Energy, Design, Direct Current 
 
Introduction 
The axial flux generator was first discovered 150 years ago [1]. According to Frankly, 
machines with permanent magnets have better power density and cogging torque values, 
cheaper construction, and higher moment values [2]. In addition, the output wave of each 
phase from the axial flux generator is a sinusoidal wave [3-5]. 
The geometry and topology of the flux are key points for increasing the power density 
of permanent magnet axial flux generators [6]. As done by Vansompe, et al. conducted 
research on the effect of core shape, lamination on efficiency on the Axial Flux Permanent 
Magnet Generator (AFPMG) using FEA. In addition, it also examines the effect of air gap 
and core losses with the same method in terms of efficiency. Can AFPMG design the mass 
and volume of the core (core) should be kept to a minimum because it affects the mass, 
efficiency, and compactness of the generator [7]. Double side generator produces better 
energy than single side generator due to the number of coils [9]. 
Generators can be designed using different types of cores. The core can be slotted or 
slot less. The core design that is widely used is the layered core. While the core with a slotted 
design serves to help reduce cogging torque, and the core with a slotless design serves to 
reduce reciprocity and inductance losses [10]. However, the magnetic force between the core 
and the permanent magnet must be considered optimally to reduce the cogging torque [11]. 
Magnetic forces cause extreme mechanical stress as well as vibrations; air gaps on the axial 
flux generator must be greater than air gaps in radial flux generators [9]. Air gaps can usually 
be designed between 1 mm to 4 mm with respect to the mechanical processing of the 
generator. It should be noted that air gaps affect the output of the generator [12]. Thus, the 
optimization of air gaps must be done in making axial fluxes generators [13]. In a coreless 
generator, the windings must be inserted into non-magnetic and insulating materials such as 
epoxy, polyamide, and so on. Due to the absence of a core, there is no core loss and cogging 
torque in this type of generator, so the generator is lighter. However, in coreless type 
generators, there are losses resulting from the eddy current effect on the windings that occur 
at higher speeds [13]. In addition, the weakness of this coreless generator is that it has lower 
magnetic fluxes compared to generators with cores. This is the main factor that causes a 
decrease in the efficiency of the generator [14]. Another factor that affects the characteristics 
of the generator is air gaps, a low value of air gaps results in a higher power output from the 
generator; this is due to the higher value of the induced voltage on the coil [15]. 
A generator with an axial flux has a lower cogging torque and has a higher power 
density and efficiency when compared to a generator with radial flux [16]. In axial flux 
permanent magnet generators heat occurs due to higher power density. Therefore the shape of 
the rotor and stator is designed with a large surface to overcome the heat problem that occurs 
[17]. The large air gap in the axial flux permanent magnet generator also plays an important 
role in overcoming the heat problem that occurs [19]. There are various combinations for the 
design of the stator and rotor in permanent magnet axial flux generators. For example, 
designs with one-sided rotor and double-sided stator or vice versa [7, 8]. Two-sided designs 
can generate relatively double energy than single-sided designs, both stator and rotor [20]. 
As the purpose of this research was to determine the characteristics of the 3 phase 
permanent magnet double flux axial generator, the generator had 2 sides of the rotor with 
permanent magnets. The output of this generator was 3 phase AC (alternating current) 
electric current which will later enter a 3 phase rectifier to convert the electric current to pure 
DC (direct current). 
Experimental Apparatus and Methods  
This study aimed to determine the characteristics of a permanent magnet double flux 
axial generator with an output in the form of 3 phase AC electricity. The design of the 3 
















(b) design of a 3 phase double side axial flux permanent magnet generator 
Figure 1. Design and experimental setup of a 3 phase double side axial flux permanent 
magnet generator 
This generator was designed with relatively small dimensions with a stator diameter of 
22 cm and a rotor diameter of 17 cm. This relatively small design aimed to make the 
generator more portable and easier in the installation process. This generator had double 
rotors on the right and left of the stator, and the stator position was between the two rotors. 
The two sides of the rotor were connected through a shaft so that the two rotors rotate with 
the same direction and rotating speed. On one side of the rotor, there were 8 permanent 
magnets with the neodymium type. Therefore, this generator used 16 permanent magnets on 
both sides of the rotor. The design of the rotor used in the 3 phase permanent magnet double 
flux axial generator can be seen in Figure 2. 
 
Figure 2. Design of the rotor on a 3 phase permanent magnet double flux axial 
generator 
The stator on the 3 phase double side axial flux permanent magnet generator was a coil 
of copper wire with 6 coils. This generator had a 3-phase output so that 1 phase was produced 
from 2 coils connected to the stator. The copper wire used in this stator had a diameter of 0.8 
mm. The number of turns of each coil on the stator in this 3 phase permanent magnet double 
flux axial generator was 400 turns. The design of the stator on the axial double flux 3 phase 
permanent magnet generator can be seen in Figure 3. In this generator, the air gap between 
the rotor and the stator was 3 mm. 
 
Figure 3. Design of the stator on a 3 phase double axial flux permanent magnet 
generator 
This design featured an efficient natural cooling mechanism on the large rotor and 
stator surfaces. The configuration of the permanent magnet was placed symmetrically and 
parallel to the position of the stator coil and with the N-S-N-S pole orientation and the reverse 
orientation on the other side of the rotor. 
 
Theoretical Background  
In a three-phase construction, the coils connected serially were classified into three 
different groups. Each group of coils produced 1 phase output from the generator. It should 
be noted that in order to get an identical output waveform, each coil must have the same 
shape. The voltage for each phase was the sum of the voltages generated from each coil. In 
this case, the total inductance value of one phase can be written as follows: 
𝐿𝑝ℎ𝑎𝑠𝑒 =  𝐿1 +  𝐿2 +  𝐿3 + ⋯ + 𝐿𝑛  (1) 
𝐿𝑝ℎ𝑎𝑠𝑒was the total inductance in 1 phase, and 𝐿1, 𝐿2, 𝐿3, 𝐿𝑛 was the inductance value 
in each coil and n was the number of coils connected in series in one phase. By considering 
the voltage drop on the load and the coil, the equation for getting the value of the output 
voltage in one phase was as follows: 
𝑉𝑝ℎ𝑎𝑠𝑒 −  𝑉𝑅𝑝ℎ𝑎𝑠𝑒 −  𝑉𝐿𝑝ℎ𝑎𝑠𝑒 = 0   (2) 
Dimana 𝑉𝑝ℎ𝑎𝑠𝑒 adalah nilai tegangan pada satu phase, 𝑉𝑅𝑝ℎ𝑎𝑠𝑒 adalah tegangan pada 
beban yang terhubung pada phase, dan 𝑉𝐿𝑝ℎ𝑎𝑠𝑒 adalah tegangan drop pada kumparan. Jika 
nilai tegangan pada sebuah phase dapat ditulis sebagai berikut 
𝑉𝑝ℎ𝑎𝑠𝑒 was the value of the voltage at one phase, 𝑉𝑅𝑝ℎ𝑎𝑠𝑒  was the voltage at the load 
connected to the phase, and 𝑉𝐿𝑝ℎ𝑎𝑠𝑒 was the voltage drop on the coil. The voltage value in a 






(𝑅𝐴 + 𝑅𝐿𝐴)    (3) 
In equation 3, i was the current generated in the coil in each phase. On the other hand, 
the induced voltage at the phase can be written as follows: 
𝑉𝐿𝑝𝐴(𝑡) =  −3𝑁
𝑑∅(𝑡)
𝑑𝑡
    (4) 
Here the factor 3 showed the number of coils connected to 1 phase and N shows the 
number of turns in one coil, thus, the instantaneous power generated from 3 phases can be 
written as follows: 
𝑃𝑜𝑢𝑡 = 3 𝑉(𝑡). 𝑖(𝑡)    (5) 
V (t) and i (t) were considered as one phase and the power factor is considered to be 1. 
In general, the loss of power in the generator includes loss of copper wire, loss of core 
and loss of mechanics [10, 17]. Because the power loss was very dependent on the input and 
output power, the value of the power loss can be written as follows: 
𝑃𝑜𝑢𝑡 = 𝑚 . 𝑉(𝑡) . 𝑖(𝑡)    (6) 
In equation 6, m showed the phase number and V (t) showed the phase voltage and i (t) 
showed the phase current at an instant. From this equation, the power loss in copper wire can 
be written as follows: 
𝑃𝑐𝑢 = 𝑚 . 𝑖(𝑡)
2 . 𝑅𝑝    (7) 
Equation 7 was another form of equation 6. Joule Heating occurred on the coil, as can 
be seen from the current i (t) flowing in the coil. Because the coil was located on the stator, 
the power loss that occurred relied on the stator design. 
In general, core losses consisted of three losses, namely hysteresis, eddy, and 
anomalous losses [21]. Then the equation can be written as follows,: 
𝑃𝐹𝑒 =  𝑃ℎ + 𝑃𝑒 +  𝑃𝑎    (8) 




1.8 𝑊𝑓𝑒    (9) 
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𝑊𝑓𝑒        (11) 
Here, 𝑃𝑒, 𝑃𝐹𝑒, 𝑃ℎ, and 𝑃𝑎  represented the losses caused by eddy, core, hysteresis and 
anomalous (in W). 𝑊𝐹𝑒 represented the mass of the core, 𝐵𝑝𝑘, represented the peak flux 
density value (in T). ΔP is the total loss in the generator. Meanwhile, 𝑘𝑎, 𝑘𝑒, and 𝑘ℎ  are the 
coefficients of anomalous loss, eddy loss, and hysteresis loss. Based on the above equation, 
efficiency can be calculated as follows, 
𝜂 =  
𝑃𝑜𝑢𝑡
𝑃𝑜𝑢𝑡+Δ𝑃
. 100         (12) 
 
Result and Discussion 
Figure 4 showed a 3 phase permanent magnet dual flux axial generator. The first test 
was carried out by providing a load of 3 incandescent 25 watt lamps arranged in a star. This 
star load circuit aimed to measure the voltage and waveform at each output phase of the 
generator. The test results obtained were shown in Table 1. 
Table 1. Measurement of the output voltage of each generator phase 
RPM R-N (Vac) S-N (Vac) T-N (Vac) Frequency (hz) 
312 10.6 9.7 10.6 21 
420 14.4 13.4 14.8 28 
515 17.4 16.3 18.2 34 
614 21.1 19.7 21.9 41 
713 24.4 22.6 25.2 47 
825 28.4 26.5 29.3 55 
900 31.1 29.1 32.1 60 
1034 35.5 33.2 36.9 69 
1109 38.2 35.6 39.5 74 
1258 43.2 40.5 44.8 83 
 
Table 1 showed that the output voltage of each phase of the generator resulted in a 
fairly small difference in voltage. The difference in voltage between the output’s phases can 
be caused by several factors, including the shape of the coil which is less identical and the air 
gap in the generator that had unequal spacing. This caused the inductance between the 
permanent magnet and the coil to be different. The generator produced an output at a 
frequency of 50 Hz at a rotational speed of 755 RPM with a voltage in the R phase of 25.92 
V, the S phase of 24.16 V, and the T phase of 26.9 V. 
























Figure 5. Three phase wave output from axial generator at 50 Hz frequency 
As in Figure 4 and 5, it can be seen that there were several things to note regarding the 
output voltage of the generator. The phase angles between the phase voltages were not the 
same. In ideal conditions, the phase difference from one phase to another should be 120 
degrees. However, the results obtained indicated an unbalanced shift in phase angle between 
the three phase voltages. The unbalanced phase voltage condition affected the current 
waveform significantly and reduced the power quality of the generator. In addition, as the 
rotational speed of the generator increased, the deviation and distortion of the voltage 
waveform also increased, which was indicated by the change in the voltage waveform from a 
pure sinusoidal to a trapezoidal waveform. Distorted voltage and current waveforms 
increased the harmonics in the system. High harmonic content will increase power and heat 
losses in the generator. Considering this condition, it was not allowed to connect the load to 
the AC voltage output terminal directly. To solve this problem, it was necessary to improve 
power quality and reduced the distortion on the terminal side of the AC voltage. There were 
several options included adding a low-pass-filter on the AC voltage terminal side and 
changed the generator construction drastically. Other better option was to convert distorted 
AC form to DC voltage and current that are free from distortion problems. Therefore, in this 
paper, the output from the generator in the form of 3-phase AC was connected to the 3-phase 
full-bridge rectifier to obtain DC voltage and current. 
To analyze the performance of a generator with a full-bridge rectifier, two experimental 
scenarios were used to determine the performance of the generator. The first experiment was 
to load with a 75 W bulb. Figure 6 configure the correlation between the generator rotational 
speed and the DC output voltage. From the graph presented, it can be seen that the DC 
voltage increased proportionally with the increasing of rotational speed. A higher rotation 
speed resulted in a higher DC voltage. Consequently, when the DC voltage increased along 
with the increasing rotational speed of the generator, the current and output power also 
increased proportionally as seen in Figure 7 and Figure 8. The second experiment was to 
analyze the performance of the generator with a load variation scenario. The load connected 
























at 800 rpm. The output power continuously increased as the connected load increased. In the 
load conditions of 15 W the output power was 2.54 W, while at the loading conditions of 25 
W the measured output power was 2.508. In the 30 W and 45 W loading conditions, the 
generator output power was 3.115 W and 4.284 W, respectively. At a 45 W load, the 
measured output power was 9.06 W. The correlation between the output powers as a function 
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Figure 9. The relationship between load and power output 
 
Conclusion 
The testing of the 3 phase double axial flux permanent magnet generator to get the 
characteristics of the generator obtained that the electric wave output from the generator 
reached a frequency of 50 Hz at 755 RPM. At this frequency, the waves from the generator 
output were pure sinusoidal in the three phases of the generator output. The next test was 
testing the DC output of the generator. This data was measured by a 3 phase diode bridge, 
where the output from the generator in the form of 3 phases AC entered the rectifier in the 
form of a 3 phase bridge diode. The output of this rectifier produced pure DC electric current.  
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